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We present experimental results of free convection in a 
vertical tube due to an unstable density difference im-
posed between the two (open) ends of the tube. Two 
tanks of fluids connect the two ends of the tube with the 
top-tank fluid heavier than the bottom-tank fluid. We 
use salt mixed with water to create the density differ-
ence. The convection in the tube is in the form of rela-
tively heavier fluid going down and lighter fluid going 
up simultaneously; the mean flow at any cross section of 
the tube is zero. Depending on the Rayleigh number we 
observe different types of flow, with turbulent flow be-
ing observed at the higher Rayleigh numbers. We be-
lieve this is a new type of turbulent flow – a nearly 
homogeneous, buoyancy-driven flow with zero mean 
shear. 

 
FLOWS caused by buoyancy, called free or natural convec-
tion, abound in nature and engineering. The convection 
observed on a hot road surface in no-wind conditions is an 
example. Convection is generally caused by unstable 
stratification (for example, density increasing with height 
in a gravitational field). Density gradients are often 
caused by a temperature gradient, or a gradient of concen-
tration of some species (e.g. salt in the oceans, water va-
pour in air). The dynamics in free-convection flows is 
mainly determined by the Rayleigh number – a measure 
of the ratio of buoyancy forces to diffusive effects. 

Two simple configurations of free convection have 
been extensively studied, viz. Rayleigh–Benard convec-
tion and Rayleigh–Taylor instability. Rayleigh–Benard 
(R–B) convection is convection of a fluid between two 
horizontal plates, with the bottom plate hotter than the 
top plate. Because of the temperature difference, the 
fluid density increases from the bottom plate to the top 
plate. However, below a critical Rayleigh number, even 
though the stratification is unstable, there is no flow 
(convection) and heat transfer is entirely by conduction; 
the Rayleigh number increased beyond this critical 
value results in laminar convection, often in the form of 
rolls, and a further increase in the Rayleigh number 
leads to turbulent convection (see ref. 1). 

 
§For correspondence. (e-mail: jaywant@mecheng.iisc.ernet.in) 
†Sadly, Fransisco passed away during the writing of this paper. We 
have fond memories of him. 

Rayleigh–Taylor instability occurs when a layer of 
heavier fluid (say salt water) lies on top of a layer of 
lighter fluid (say fresh water). Dalziel et al.2 report re-
cent work on this subject. In this configuration the lay-
ers can be in equilibrium; pressure varies linearly with 
depth in each of the layers. But this is unstable equilib-
rium: a small perturbation of the interface increases the 
perturbation indefinitely with the heavier fluid trying to 
go down and the lighter fluid trying to go up. Some 
mixing between the top and bottom fluids occurs during 
the overturning. Eventually motion ceases and a stable 
density gradient is obtained. For an immiscible pair of 
fluids of say water over air there is negligible mixing 
and, eventually, the water and air layers just interchange 
places. One common way of doing a Rayleigh–Taylor 
stability experiment is to have a thin plate initially 
separating the two fluids which is then rapidly pulled 
away. 

In this article we describe preliminary results of free 
convection in a vertical tube. The setup is similar to a 
Rayleigh–Taylor stability setup, except that we have a 
long vertical tube between the tanks containing the 
heavier fluid at the top and the lighter fluid at the bot-
tom (Figure 1). So essentially we look at the ‘overturn-
ing’ process of the two fluids through the tube. We used 
sodium chloride salt mixed in water to create the den-
sity difference. As in Rayleigh–Benard convection, we 
find different types of flow depending on the values of 
the parameters of the problem: the density difference, 
and diameter and length of the tube. In particular, at a 
high enough Rayleigh number we observe the flow to 
be turbulent, which we believe is a new type of turbu-
lent flow. 

Experimental setup 

The experimental setup consisted of two tanks con-
nected by a vertical tube. The top tank was open at the 
top and had a tapered hole in the bottom plexiglas wall 
to fit a rubber stopper; an appropriate sized hole was 
made in the stopper to snugly fit the tube. The bottom 
tank was closed on all sides and had a similar rubber 
stopper arrangement on the top wall to fit the bottom 
end of the tube. The rubber stoppers minimized the load 
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Figure 1.  Schematic of the experimental setup. The pumps in the 
two tanks are marked P. 
 

 
on the tubes, which were made of glass, and also al-
lowed us to quickly change the tube for a different ex-
periment. The side walls of the tanks were made of 
glass. Two small aquarium water pumps were used to 
continuously mix the fluids in the two tanks and prevent 
stratification. The flow rates in the pumps were small 
enough and the locations of the exits and inlets of the 
pumps were such as to create as small a disturbance as 
possible near the tube ends. 

The volumes of the two tanks were approximately 
1750 cc each. A total of twelve tubes were used in the 
experiments, with four diameters (4.85, 9.85, 19.85 and 
36.85 mm) and three lengths (150, 300 and 450 mm). A 
few visualization experiments were conducted with 
2.5 mm diameter tubes. 

Following is the experimental procedure. We cali-
brated the conductivity probes, used to measure salt 
concentration, before and after each experiment. We 
filled the bottom tank and the tube with distilled water, 
and the top tank with brine (typically 0.05 g cm–3 con-
centration), noting down the volumes of the distilled 
water and brine added. We switched on the pumps prior 
to the start of each experiment. Initially, a stopper 
blocked the top end of the tube; pulling of the stopper 
initiated the experiment. Due to the convection the salt 
concentration in the top tank continuously decreased with 
time (Figure 2). Concentration in the top tank was meas-
ured from the start of the experiment till the convection 
had visibly stopped. In the smallest diameter and longest 
tube (4.85 mm dia, 600 mm long) the convection contin-
ued for about 100 h, whereas in the largest diameter 
tube the convection continued for about 1 h. 

 
Figure 2.  A typical variation of concentration of salt in the top-tank 
fluid with time. The case shown corresponds to tube diame-
ter = 19.85 mm and tube length = 600 mm. 

 
 
Salt concentration was measured with one or two 

micro-conductivity probes (Model 125 MSCTI, Preci-
sion Measurements Engineering), placed in the top tank. 
The concentration versus time data were stored in a 
computer for further analysis. Two conductivity probes 
were used to check that mixing by the pump was ade-
quate and there was no concentration gradient in the 
tank fluid. We mainly visualized the flow using the la-
ser-induced-fluorescence (LIF) technique. A small 
amount of sodium fluorescent dye was initially mixed in 
the top tank fluid. A vertical sheet of laser light, created 
with a cylindrical lens, passed through the vertical tube 
(in which the convection was taking place). We used a 
150 mW argon-ion laser. In some cases, we also visual-
ized the flow using the shadowgraph technique. 

Parameters 

We are looking at free convection in a vertical tube 
open at the two ends, with an imposed density, or con-
centration, difference across it. As in Rayleigh–Benard 
convection, the non-dimensional parameters of the 
problem are: 

 

Rayleigh number, Ral = 
ρνα

3Clg∆
, 

Prandtl number, Pr = 
α
ν

, 

Aspect ratio, AR = 
l

d
, 

 
where ∆C is the concentration (or density) difference 
between the top tank and bottom tank fluids, ρ, is the 
density of the fluid averaged over the length of the tube, 
g is acceleration due to gravity, ν is the kinematic 
viscosity, α is the diffusivity of the species causing 



INSTABILITIES, TRANSITIONS AND TURBULENCE 
 

CURRENT SCIENCE, VOL. 79, NO. 6, 25 SEPTEMBER 2000 861 

the density gradient, d is tube diameter, and l  is tube 
length. 

Sometimes it is more appropriate to use other defini-
tions of Rayleigh number: Rad, Rayleigh number based 
on the tube diameter, and RaG, Rayleigh number based 
on the density gradient, instead of density difference, 
and diameter. 

Some values of the parameters are of interest. The 
Prandtl number, or strictly the Schmidt number, is about 
670, showing diffusion of salt is negligible in compari-
son to that of momentum. At a concentration difference 
of 0.025 g/cm3 and for a tube length = 600 mm, the 
Rayleigh number = 3.5 × 1013. The AR ranges from 
about 0.008 to about 0.25. For comparison, study of 
turbulent Rayleigh–Benard thermal convection is usu-
ally with Pr ~ 1 (for air Pr = 0.7 and for water Pr = 6.7); 
the Rayleigh number is usually of the order of 1 × 108, 
but the highest value achieved, reported recently3, using 
cryogenic helium is about 1 × 1017; and AR is usually 
greater than unity. Thus the present problem pertains to 
very large Rayleigh number, high Prandtl number con-
vection in tall cells. High Prandtl number, high 
Rayleigh number convection is generally obtained with 
very viscous fluids convecting over a large scale, as in 
convection in the earth’s mantle. 

Basic relations 

From the salt concentration (in the top tank) versus time 
data we calculate the flux of salt, and the concentration 
difference between the two tank fluids as functions of 
time. This is done using mass conservation equations. 

We use cylindrical polar coordinates (r, θ and z) with 
velocities in the three directions respectively, Ur, Uθ 
and W. The z-axis coincides with tube axis and is posi-
tive upwards. An overbar over a quantity denotes the 
quantity averaged over the cross-section of the tube. 
The difference between a quantity and its average is 
written in small case. Thus for concentration 
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Fluid volumes in each of the two tanks do not change 
with time. Thus, at any cross-section of the tube and 
any instant of time (assuming water to be incompressi-
ble) the volume flow rate of the fluid going down = the 
volume flow rate of fluid going up, or 
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We come to the important conclusion that the mean ve-
locity at any cross-section is zero. 

The mass flow rate of salt sm� going up at any z is 
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where Ap is the cross-sectional area of the tube. From 
mass conservation of salt at any z we have the gradient 
of ,sm�  
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The equation states that in a control volume height dz, 
the difference in mass flow rates at two stations dz apart 
is equal to the rate at which mass of salt changes in the 
control volume. If ,0)/( =∂∂ tC  then sm�  is constant 
along the length of the tube; however, sm�  can still be a 
function of time. 

At any time let CT and CB be the concentrations of 
salt in the top and bottom tanks respectively, and CT0 
and CB0 the concentrations at the start of the experi-
ment. Mass conservation of salt gives 
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Where VT and VB are respectively the top and bottom 
tank fluid volumes, AP is the pipe cross section area, 
and Ms is the total mass of salt in the system. The inte-
gral on the left-hand side is the mass of the salt in the 
tube. Assuming the average salt concentration in the 
tube at any time is (CT + CB)/2, we obtain the following 
relation for the concentration or density difference in 
terms of the concentration in the top tank: 
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where Vp is the volume of the tube. 

Let sTm�  be mass flow rate of salt at the top end of the 
tube and sBm�  at the bottom end of the tube. Then 
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The relations respectively are from salt mass conserva-
tion in the top tank, bottom tank and in the tube. In 
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our experiments, to a good approximation, we can as-
sume 
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Then flux, mass flow rate of salt going down per unit 
cross sectional area of the tube is, 
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Flow visualization observations 

Depending on the concentration difference, the tube 
diameter and the tube length we observe one of four 
types of flow which we term (i) half-and-half (HAH), 
(ii) helical, (iii) unsteady-laminar and (iv) turbulent. 
These are described below. It may be noted that the 
flow visualization pictures given in this paper show just 
a few centimetres length of the central portion of the 
tube. 

Half-and-half flow 

In a HAH flow, in one half of the cross section of the 
tube flow is downward, and in the other half the flow is 
upward. We observed the HAH flow only in the 2.5 mm 
dia tube and in the 4.85 mm dia tube at small concentra-
tion differences, essentially meaning at low Rayleigh 
numbers. In some cases we observed moving fronts, 
about 1–2 tube diameters long. A downward moving 
front is heavier and moves faster than the rest of the  
 
 
 

 
Figure 3.  Shadowgraph picture showing two fronts in HAH convec-
tion. Tube diameter is 2.5 mm. 

 

 
Figure 4.  LIF picture showing helical convection. Tube diame-
ter = 4.8 mm; tube length = 150 mm; concentration differ-
ence = 0.025 g/cc. Top-tank fluid is dyed. Only the central length of 
the tube is shown. 
 

 
down-going fluid; similarly an upmoving front is lighter 
than the rest of the up-going fluid. Figure 3 is a 
shadowgraph picture showing both down-going and up-
going fronts. 

Helical flow 

We observed helical flow in the 4.85 mm dia tube (Fig-
ure 4), except at small concentration differences when 
the flow was HAH (Figure 4). As in HAH flow the heli-
cal flow is equally divided between up-going and down-
going fluid, and is steady. In HAH flow the interface 
between the up-going and down-going flows is vertical 
and straight; however, in helical flow the interface is 
twisted. The interface looks like what one would get if a 
long strip of paper is held at one end and the other end 
is turned through many turns; going along one edge of 
the strip one would trace an helix. Thus the two flows 
(up and down) take helical paths with a common 
(twisted) interface. In most cases we observe some mix-
ing between the fluids in the two streams. Apparently 
the HAH flow is unstable above some (yet undeter-
mined) critical Rayleigh number and the instability 
leads to helical flow. 
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Unsteady-laminar flow 

In the 9.85 mm and 19.85 diameter tubes (i.e. at still 
higher Rayleigh numbers) we observe the flow to be 
unsteady and three dimensional, but laminar (Figures 5 
and 6). There is no clear demarcation between the up-
going and down-going flows, and there is a lot of mix-
ing between the two. A typical mixing event involves 
collision of a downward going mass of fluid with a up-
ward going mass of fluid, often leading to shear layers 
which go unstable with the formation of vortices. One 
also sees mushroom type structures (see Figure 5). The 
eddies seem to scale with the diameter of the tube. The 
flow is chaotic, but atleast in the 9.85 mm dia tube the 
flow is not turbulent: a range of scales, characteristic of 
turbulent flows is not present. 
 
 
 

 
Figure 5.  LIF picture showing unsteady-laminar convection. Note 
the mushroom structure. Tube diameter = 9.85 mm; concentration 
difference = 0.025 g/cc. 
 
 

 
Figure 6.  LIF picture showing unsteady-laminar convection. Tube 
diameter = 19.85 mm; Tube length = 300 mm; concentration differ-
ence = 0.025 g/cc. 

 

 
Figure 7.  LIF picture showing turbulent convection. Note the small 
length scales of mixing. Tube diameter = 37 mm; concentration 
difference = 0.025 g/cc. 
 

Turbulent flow 

What appears to be a truly turbulent flow is observed in 
the 36.85 mm diameter tube (Figure 7). Like in the 
9.85 mm and 19.85 diameter tubes, the flow is chaotic 
and three dimensional. We observe collisions of fluid 
masses moving in opposing directions, and the forma-
tion and breakup of shear layers. During these interac-
tions large interfacial areas are created greatly 
enhancing the mixing between the heavier and lighter 
fluids. Also because of collisions we can have instances 
when heavier masses of fluid move up instead of down, 
and similarly instances when lighter fluid masses go 
down. Both mixing and flow direction reversal contrib-
ute to reduction of flux, or in other words to slowing 
down of the experiment. 

Flux relations 

The flux times the tube cross sectional area, ,pAcω−  
determines how fast the top tank depletes salt, or 
equivalently how fast the bottom tank accumulates salt. 
A large flux is obtained if all the down-going  fluid 
(w < 0) has higher density (c > 0) (similarly when 
w > 0, c is < 0), and in addition if |w| and |c| are as large 
as possible. The maximum possible c is ∆C, when all 
the down-going fluid is pure top tank fluid and all the 
up-going fluid is pure bottom tank fluid; there is no 
mixing of the two in the tube. The maximum possible 
velocity is probably what is obtained by assuming half-
and-half laminar flow, and whose solution is given be-
low. Flux can be reduced due to two reasons. One, mix-
ing between down-going and up-going fluids reduces 
the values of both c and w; two, heavier fluid moving 
down, or vice versa, reduces the correlation. 
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A trivial case is when there is no flow and the salt 
transfer is just by molecular diffusion; then flux is given 
by F = α∆C/l . Stability analysis4 shows that when the 
tube is thin enough or density difference small enough, 
or more precisely the gradient Rayleigh number 
RaG < 1087, there is no flow. (This analysis is for a 
density increasing linearly with height.) We never ob-
served a no-flow case in any of our experiments as the 
Rayleigh number was above the critical value, except 
perhaps towards the end of an experiment when the den-
sity differences were too low to be measured by our 
instrumentation. 

Next we derive expressions for the flux of salt in the 
vertical tube for two cases: (i) laminar half-and-half 
flow of immiscible fluids and (ii) turbulent convection. 

Laminar HAH flow of immiscible fluids 

Consider fully developed parallel flow in the vertical 
tube. We assume the heavier fluid (density = ρT) is go-
ing down in one half of the tube, say π > θ ≥ 0, and the 
lighter fluid (density = ρB) is going up in the other half, 
2π > θ ≥ π. Fluids in the two streams have same kine-
matic viscosity and are immiscible (equivalent to saying 
diffusivity of salt is zero). With Ur, Uθ = 0 (parallel 
flow) and d/dz = 0 (fully developed flow), the Navier–
Stokes equations simplify to 
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in the r and θ directions, and  
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is the z direction, where ∇2 is the Laplacian operator in 
the r – θ plane. The boundary conditions are zero veloc-
ity at the wall (r = d/2) and at the interface (θ = 0, 
θ = π).  

From a control-volume momentum balance, 
–dp/dz = ρ0g, where ρ0 = (ρT + ρB)/2. Then the equation 
in the z direction, 0 = – (ρ – ρ0)/ρ0 + ν∇2W, which writ-
ten separately for the upward going and downward go-
ing fluids becomes 
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To ensure symmetry we assume (∆C/ρ0) � 1 and re-
place ρB and ρT by ρ0 in the denominators on the right 
hand sides of the above equations. 

Solution is same as that of a fully developed flow in 
pipe with a semi-circular cross section driven by a con-
stant pressure gradient, but with the pressure gradient 
replaced by g∆C. The solution5 gives the average veloc-
ity in each half of the tube as 

 

g
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The flux 2/)( WCwc ∆=−  is given by 

 

,
)(

0059.0
22

g
Cd

Fl ρν
∆=  (3) 

 
where subscript l  represents laminar flow. The relation 
shows the dependence of flux on various parameters 
and interestingly no dependence on the tube length. 

In an experiment, even when the flow is HAH, be-
cause of diffusion of salt we would expect the flux to be 
lower than the theoretical value; the scaling will also 
probably change if diffusion is included. However eq. 
(3) gives a theoretical maximum value and can be used 
to non-dimensionalize experimental flux values.  

Turbulent flow 

We make certain assumptions based on dimensional and 
physical arguments to arrive at a relation for flux when 
the flow is turbulent. Clearly other expressions can be 
obtained by making different assumptions. 

We assume fully developed flow – the flow is identi-
cal (in an average sense) at different Z locations, and we 
assume the flow is steady (again in an average sense). 
The first assumption will be valid if the tube is suffi-
ciently long ((l /d)   1) and we are far enough away 
from the two ends; how long and how far will have to 
be determined from experiments. A similar situation 
arises in fully developed, pressure-gradient driven turbu-
lent pipe flow. In that case, fully developed flow is 
achieved about 20–50 diameters from the entrance, and in 
the length of the pipe where the flow is fully developed, 
profiles of mean velocity and, for example, profiles of the 
mean turbulent stresses do not change with axial distance; 
and the axial pressure gradient is constant. 

From the fully developed flow condition we have 
the mean density (or concentration) gradient 
d〈C〉/dz = constant. (For the turbulent flow we use 〈 〉 to 
denote time average, and prime to denote deviation 
from the time average.) Like the pressure gradient in the 
case of the pipe flow, we have the density gradient as 
the driving force in the vertical-tube convection flow. 
The independent parameters are then d〈C〉/dz, ρ, g, and 
d. Viscosity and diffusivity are not considered, an usual 
assumption in turbulent flow. 
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In the vertical-tube convection case we have seen 
there is no mean flow, i.e. .0=W  From flow visualiza-
tion we have seen that when the flow is turbulent there 
are no two clear streams of upgoing and downgoing 
fluids. Thus the relevant parameters describing the flow 
are the flux –〈ω′c′〉, and means of the squares of fluctu-
ating velocities )and,( 222

r 〉′〈〉′〈〉′〈 wuu θ  and of concen-
tration fluctuations (〈c′2〉). Prime denotes deviation from 
the time average. 

We assume the flux to be proportional to the product 
of a velocity scale (say Wturb) and a concentration scale 
(say Cturb). These quantities may be thought of as asso-
ciated with a typical fluid mass or an eddy: say a heav-
ier fluid mass with an excess density over the 
ambient = Cturb, and moving down with a velocity Wturb. 
From the above list of independent parameters we get 
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The velocity scale can be obtained as the velocity at-
tained by the fluid mass during free fall over some dis-
tance (a mixing length). We assume the mixing length 
scales as the diameter. Thus 
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Then the relation for turbulent flux is 
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where KT is a constant. Neglecting the end effects we 
can write d〈C〉/dz = (CT – CB)/l  = ∆C/l . Then the above 
expression becomes 
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Note that the dependence on the various parameters is 
different from that obtained in the laminar HAH flow 
case (eq. (3)). In contrast to the laminar flow case, in 
the turbulent flow a length dependence (= l–3/2) is pre-
sent and viscosity does not enter the picture. 

Experimental flux results 

We compare the experimentally obtained flux of salt 
with the theoretically predicted flux. As mentioned ear-
lier, from the measured salt concentration in the top 
tank fluid we calculate the density difference (∆C) us-
ing relations (1) and the flux (F) using relation (2). 

 

Figure 8.  The half-times in the experiments with different diameter 
and different length tubes. 
 
 
 

First, to give an idea of the durations of the experi-
ments. Figure 8 shows the half-times obtained in all the 
experiments we have conducted. Faster mixing is ob-
tained as the tube diameter increases, and for a given 
diameter the mixing is slower for a longer tube. The 
half time ranges from about 400 s in the case of the 
36.85 mm diameter, 150 mm long tube to about 6 × 104 
seconds in the case of the 4.8 mm diameter, 600 mm 
long tube. 

Figure 9 shows for the 4.85 mm diameter cases the 
flux normalized by Fl (the theoretical flux for laminar 
HAH flow of immiscible fluids) vs Rayleigh number 
based on diameter. Recall in this diameter tube the flow 
is laminar helical type. The normalized flux values are 
only about 0.02 to 0.04. Clearly diffusion and mixing 
results in flux values much lower than theoretical val-
ues. The normalized flux value is even lower for con-
vection in the larger diameter tubes: about 0.005 for 
9.85 mm diameter tubes, and 0.001 for 36.85 mm di-
ameter tubes. 

At the other extreme is turbulent flow. We had dis-
cussed that the flow in the 36.85 mm diameter tubes 
appeared to be turbulent visually. We can check 
whether the flux in these tubes scales as predicted by 
the relation (4), which is for turbulent flow. Figure 10 
shows, for the 300 mm and 600 mm tube lengths, the 
normalized flux (F/FT) data plotted versus the Rayleigh 
number based on the diameter (KT has been taken to be 
unity in calculating FT in the plot). The data for the two 
diameters collapse to a reasonable extent. The normal-
ized flux appear to be nearly constant with Rayleigh 
number. The constant KT, in eq. (4), from the plot is 
about 0.5. More experiments covering a wider range of 
Rayleigh numbers are needed to validate and extend 
these results. 
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Figure 9.  Plot of flux normalized by theoretical laminar flux vs 
Rayleigh number in the case of 4.85 mm diameter tube. 
 
 

 
Figure 10.  Plot of flux normalized by theoretical turbulent flux vs 
Rayleigh number in the case of 36.85 mm diameter tube. 

 

Conclusions 

We have presented preliminary results on natural con-
vection in a vertical tube. More work is needed to re-
solve a number of issues; two main ones are listed 
below: 
 

(i) We have given the solution for laminar HAH flow 
of fluids with zero diffusivity (Pr → ∞). We need 
to solve for finite Prandtl numbers to realistically 
compare data from experiments. 

(ii) We need to precisely determine the values of the 
transition Rayleigh numbers, when the flow 
switches from one type of flow to the other. 

But what we think is interesting is the turbulent flow. It 
appears to be different from the other types of turbulent 
flow which we are familiar with: free shear flows like 
jets, wakes, plumes, or wall bounded flows like turbu-
lent flow in a pipe, flow on a heated vertical wall. We 
have in the vertical-tube convection case a buoyancy-
driven turbulent flow with zero mean flow and zero 
mean shear. Here mean refers to time average. Thus at 
any spatial point in the flow the time averages of the 
vertical velocity and of the shear area zero. The flow is 
homogeneous in the vertical direction and appears to be 
nearly homogeneous in the horizontal direction; because 
of zero mean flow the (side) wall seems to just ‘contain’ 
the flow, and does not have the overwhelming influence 
it has, for example, in the pressure-driven turbulent pipe 
flow. Besides the fluid properties and gravity, the only 
parameters are tube diameter and the forcing term, the 
density gradient. 

This flow has relevance to turbulent R–B convection 
and during the later stages of Rayleigh–Taylor instabil-
ity. In R–B convection the flow away from the walls (in 
the core) is similar to what is obtained in the vertical-
tube convection. In R–B convection, it is well known 
that the wall predominantly determines the dynamics, 
but an issue of current interest is the interaction be-
tween the wall and core flows5,6. An understanding of 
this interaction may help resolve the controversy 
regarding the exponent in the Nusselt number–Rayleigh 
number correlation3. The vertical-tube convection can 
shed light on the turbulent mixing during Rayleigh–
Taylor instability, where, as in the tube convection case, 
a simultaneous motion of heavy and light fluids is ob-
tained. Finally, the vertical-tube turbulent convection 
may be similar to the decaying homogeneous buoyancy-
driven turbulence studied by Batchelor et al.8, using 
numerical simulation, except that, in our case the turbu-
lence is non-decaying. 
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